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The natural recolonization of native plant communities following invasive species
management is notoriously challenging to predict, since outcomes can be contingent
on a variety of factors including management decisions, abiotic factors, and landscape
setting. The spatial scale at which the treatment is applied can also impact management
outcomes, potentially influencing plant assembly processes and treatment success.
Understanding the relative importance of each of these factors for plant community
assembly can help managers prioritize patches where specific treatments are likely to
be most successful. Here, using effects size analyses, we evaluate plant community
responses following four invasive Phragmites australis management treatments (1: fall
glyphosate herbicide spray, 2: summer glyphosate herbicide spray, 3: summer imazapyr
herbicide spray, 4: untreated control) applied at two patch scales (12,000 m2 and
1,000 m2 ) and monitored for 5 years. Using variation partitioning, we then evaluated
the independent and shared influence of patch scale, treatment type, abiotic factors,
and landscape factors on plant community outcomes following herbicide treatments.
We found that Phragmites reinvaded more quickly in large patches, particularly
following summer herbicide treatments, while native plant cover and richness increased
at a greater magnitude in small patches than large. Patch scale, in combination
with abiotic and landscape factors, was the most important driver for most plant
responses. Compared with the small plots, large patches commonly had deeper and
more prolonged flooding, and were in areas with greater hydrologic disturbance in
the landscape, factors associated with reduced native plant recruitment and greater
Phragmites cover. Small patches were associated with less flooding and landscape
disturbance, and more native plants in the surrounding landscape than large patches,
factors which promoted higher native plant conservation values and greater native plant
cover and richness. Herbicide type and timing accounted for very little of the variation in
native plant recovery, emphasizing the greater importance of patch selection for better
management outcomes. To maximize the success of treatment programs, practitioners
should first manage Phragmites patches adjacent to native plant species and in areas
with minimal hydrologic disturbance.
Keywords: spatial scale, Phragmites australis, management, invasive species control, restoration, contingency

Frontiers in Plant Science | www.frontiersin.org

1

April 2019 | Volume 10 | Article 481

Rohal et al.

Restoration Across Spatial Scales

co-occur with patch scale (De Blois et al., 2002; Pauchard and
Shea, 2006). The abiotic environment of a patch can differ
with its scale, in turn influencing species assembly (Phillips and
Shure, 1990). In addition, landscape-scale disturbance factors
that can enable the formation of large invaded patches (Zedler
and Kercher, 2004) might then constrain the assembling plant
community following management treatments (Ehrenfeld, 2008;
Tousignant et al., 2010).
Phragmites australis (Cav.) Trin ex Steud (i.e., common reed,
hereafter called Phragmites) is a widespread invasive plant present
in wetlands across North America (Saltonstall, 2003; Kettenring
et al., 2012) that is often the target of restoration efforts (Martin
and Blossey, 2013; Rohal et al., 2018). The impacts of Phragmites
to plant biodiversity (Chambers et al., 1999), wildlife habitat
quality (Dibble et al., 2013), and ecosystem functioning (Findlay
et al., 2003; Rooth et al., 2003) have led managers to spend
large sums of money and time on its management (Martin
and Blossey, 2013; Rohal et al., 2018). With the capacity to
reproduce both sexually and asexually (Kettenring and Mock,
2012), Phragmites invades wetlands by colonizing new areas
from seed or rhizome fragments, which can then rapidly expand
through clonal growth (Amsberry et al., 2000; Kettenring et al.,
2016). A disturbance specialist (Minchinton and Bertness, 2003),
Phragmites often becomes established following a (small-scale)
disturbance in a wetland (Kettenring et al., 2015), and expands
most rapidly following additional disturbance to the vegetation
matrix or hydrologic drawdowns (Warren et al., 2001). These
processes can create a pattern across the landscape of small
patches surrounded by remnant native vegetation intermixed
with large-scale stands where patches have expanded and merged
to form large monocultures (Lathrop et al., 2003).
Given the widespread nature of the Phragmites invasion and
limited resources for restoration, managers must often prioritize
sites, often choosing between targeting the large stands where the
impacts appear most severe or focusing on the initial patches,
which can spread rapidly (Moody and Mack, 1988; Hazelton
et al., 2014). Phragmites managers must also select patches across
heterogeneous abiotic conditions, which can impact treatment
success (Rohal, 2018). And they must select patches within a
diverse landscape, with different matrix vegetation and varying
levels of landscape-scale disturbances (Long et al., 2017b).
These abiotic and landscape influences may have contributed
to Phragmites’ presence and therefore might further restrict
restoration outcomes (Hazelton et al., 2014; Long et al., 2017a).
Furthermore, managers must select the appropriate management
action, which most commonly involves herbicide, primarily due
to its cost-effectiveness (Martin and Blossey, 2013; Rohal et al.,
2018). Manual methods such as burning and mowing that do
not kill roots and rhizomes are not effective without the addition
of herbicide, and biological control is presently unavailable
(Hazelton et al., 2014). Managers must choose the timing of
herbicide application, commonly in summer or fall, and the type
of herbicide: imazapyr, or glyphosate (Hazelton et al., 2014).
Spray timing and the composition of herbicide can have different
effectiveness regarding Phragmites dieback and non-target native
plant impacts (Mozdzer et al., 2008). Knowing the degree to
which Phragmites management choices, patch scale, local abiotic

INTRODUCTION
Invasive plants can reduce the abundance and diversity of native
plant communities, and can markedly alter ecosystem functions
and services, making invasive plant management a restoration
priority (Hejda et al., 2009). It is often assumed that desirable
species will naturally recover once the invader is removed
(Galatowitsch et al., 1999), but this is rarely the case (Kettenring
and Adams, 2011). Restoration outcomes are notoriously variable
across sites, and can be very challenging to predict (Suding, 2011;
Brudvig et al., 2017). But clearly understanding the constraints
to restoration success is important in order to prioritize sites
for invasive species management that are most likely to have
successful outcomes (i.e., effective removal of the invader and
native plant recovery), or to plan for the additional efforts
needed to overcome thresholds at sites that have a high degree
of impairment (Suding, 2011).
The results of invasive species removal can be limited by a
wide array of factors acting across spatial scales. Managers often
focus on optimizing management regimes which can influence
both invader removal success and plant community outcomes
(Mason and French, 2007). Local abiotic factors can also
influence the effectiveness of management tools, the likelihood
for native plant recovery, and the competitive dynamics between
native and invasive species (Diez et al., 2009). Landscape
context, particularly the degree of landscape disturbance and
the composition of the surrounding vegetation, can influence
plant assembly trajectories following management (Prach and
Hobbs, 2008; Reinecke et al., 2008; Matthews et al., 2017). To
add a further layer, the spatial scale of a managed patch can have
implications for restoration outcomes (Holl and Crone, 2004;
Morrison et al., 2010), but this has been relatively unexplored
(Brudvig, 2011).
It is often recognized that treatments enacted at small scales
can be more effective at invader removal (Quirion et al.,
2018) and result in more robust native plant recovery (Erskine
Ogden and Rejmánek, 2005) than large-scale efforts. Larger scale
treatments may have to be conducted with different methods
than smaller patches (e.g., resource intensive methods such as
manual removal of invasive plants are typically infeasible at
large scales) which can have implications for success (Kettenring
and Adams, 2011). The patch scale can also influence plant
assembly processes following management treatments. The
spatial heterogeneity of biotic and abiotic conditions within a
patch is likely to increase with increasing patch area, leading
to greater opportunities for a diversity of species recruitment
in larger patches (De Blois et al., 2002; Englund and Cooper,
2003). A patch’s size might also influence its degree of openness
(edge-to-area ratio), which can impact its permeability to the
exchange of organisms (Englund and Cooper, 2003). Small
patches that have a higher edge to interior ratio might be more
influenced by propagules or clonal growth from the surrounding
matrix and edge-mediated environmental conditions (e.g., light
intensity) that influence plant community assembly patterns
(Phillips and Shure, 1990; De Blois et al., 2002). The unique
impact of patch size on community assembly is challenging
to distinguish from the local and landscape factors that can
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space constraints and imazapyr permitting restrictions at some
locations). Treatments were (1) summer imazapyr herbicide
spray, (2) summer glyphosate herbicide spray, (3) fall glyphosate
herbicide spray, and (4) untreated control. Due to space and
logistical limitations, we were not able to include a fall imazapyr
herbicide treatment. This treatment was less interesting to land
managers that were consulted prior to experiment initiation
(Rohal et al., 2018). All herbicide treatments were followed by
a winter mow. Plots were established in areas that had ≥75%
Phragmites cover which had not been managed in the previous
5 years. Phragmites cover was not significantly different in small
and large patches (paired T-test: P = 0.39). Initial treatments
were conducted in 2012, follow-up treatments conducted in
2013–2014, and monitoring continued in 2015–2016.
Summer herbicide treatments were conducted during the
last week of June and first week of July. Fall herbicide
treatments were conducted in the last week of August through
first week of September. Initial herbicide treatments in 2012
were applied to both scales using a piston-driven sprayer
on a boomless nozzle attached to Softrak wetland tractors
(Loglogic, Mutterton, Cullompton, Devon, United Kingdom)
or other marsh capable vehicles. At the large scales, follow-up
treatments were applied using the same equipment, but from
handheld nozzles which were used to treat individual patches
to minimize non-target plant mortality. At the small scales,
follow-up treatments were applied using backpack sprayers.
We applied herbicides on sunny, non-windy days to avoid
drift (average winds < 8 m/s), at the label-recommended
rate of 7 L/hectare. We mixed herbicides with the nonionic surfactant LI-700 at the label recommended rate of
1.89 L/378.54 L mixed solution. We mowed all herbicide
treatment plots in the winters (when the marsh soil is frozen,
allowing better access) of 2012 and 2013 to accelerate the
decomposition of standing dead biomass. We conducted mowing
using an ASV PT-80 skidsteer (ASV Inc., Grand Rapids,
MN, United States) or a MarshMaster (Coast Machinery LLC,
Baton Rouge, LA, United States) equipped with front-end
hydraulic rotary mowers.

factors, and landscape factors might independently and jointly
influence restoration outcomes can help managers focus on the
most influential factors constraining success. While restoration
research often focuses on management and site level abiotic
factors, an understanding of how these factors interact with patch
scale and landscape factors to influence restoration outcomes is
relatively unexplored (Brudvig, 2011; Grman et al., 2013).
Here we investigate the plant community outcomes of three
different Phragmites management regimes (summer glyphosate,
summer imazapyr, and fall glyphosate) at two discrete spatial
scales (small 1000 m2 patches representing initial invasions, and
large 12,000 m2 patches representing large stands). These three
herbicide timings were chosen based on manager suggestions
of the most logistically feasible treatments (Rohal et al., 2018)
and the restoration ecology literature that indicated that these
treatments might be most successful (Ailstock et al., 2001;
Mozdzer et al., 2008). We asked, does the scale at which a
treatment is conducted influence (1) Phragmites cover, (2) native
perennial plant cover, and (3) species richness of the returning
plant community? And is this effect (or lack of effect) consistent
over a typical 5-year management time frame? We also sought
to understand the influence of patch scale and management
choices in relation to other factors known to influence assembling
plant communities, specifically their local abiotic and landscape
contexts. Using variance partitioning, we asked: what is the
relative influence of patch scale, management, local abiotic
factors, and landscape factors on assembling plant communities
following Phragmites management? Are the differences we see in
plant community outcomes at different spatial scales attributable
to the patch scale alone? Or are there abiotic and landscape factors
that are associated with patch scale that influence different plant
community responses?

MATERIALS AND METHODS
Study Sites
This study was conducted in wetlands on the eastern shore of
the Great Salt Lake (GSL), Utah (Figure 1). Invasive Phragmites
became prominent in this region after a major flooding event
in the mid-1980s (Rohal et al., 2018). Since then its footprint
has expanded to over 93 km2 (Long et al., 2017a). Phragmites
is present in very large, well-established stands isolated from
native species, as well as small patches that are still surrounded
by a matrix of native vegetation. Dominant vegetation in
this region includes Bolboschoenus maritimus, Schoenoplectus
acutus, S. americanus, Distichlis spicata, Typha domingensis, and
T. latifolia (Downard et al., 2017).

Data Collection
At both scales, we monitored vegetation annually in September
2013–2016 after the fall herbicide treatments had been
conducted. Pre-treatment monitoring occurred in June
2012 before the initial summer herbicide treatments were
implemented. In the small patches, vegetation was sampled along
four permanent, evenly spaced transects, within four, evenly
spaced 1 m2 quadrats placed to the right of each transect. In
the large patches, vegetation was sampled along two permanent,
evenly spaced transects, with two 1 m2 quadrats placed on
either side of each transect at 10 evenly-spaced locations. We
determined percent cover by ocular estimation in each 1 m2
quadrat using cover classes (<1%, 1–5%, 6–25%, 26–50%,
51–75%, and 76–100%). Percent cover estimations were made by
the same two individuals following a coordination test to ensure
similar estimations. We identified plants to species level (Welsh
et al., 1993) with up-to-date nomenclature identified using the
USDA PLANTS database (USDA, NRCS, 2019).

Treatments
We established 16 large-scale (12,000 m2 ) plots within four sites
and 20 small-scale (1,000 m2 ) plots within six sites (Figure 1).
Each plot was randomly assigned one treatment, such that all
treatments were equally replicated (n = 9; n = 4 for treatments
applied at large scales and n = 5 for treatments applied at small
scales). Treatments were applied in only one plot per site (all
treatments were not conducted at every small patch site due to
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FIGURE 1 | Sites in the wetlands on the eastern shore of Great Salt Lake, Utah, United States, where the small and large patch Phragmites management treatments
took place. The dark gray shading indicates open water in GSL. The surrounding light gray shading outlines the adjacent wetland complexes.

We selected the 16 innermost quadrats from the large
patch plots in order to calculate plant community metrics
that were comparable to the small-scale plots. Species richness
was calculated for both scales at the plot level. Then, a mean
coefficient of conservatism (mean C) was calculated for each plot
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to estimate habitat quality. Coefficients of conservatism (CC) are
expert-derived values that describe a plant species’ disturbance
tolerance or habitat specificity (Cohen et al., 2004). Species are
assigned conservation values from 0 to 10, where species with
the highest CC exhibit the least tolerance to human disturbance,
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while zeros represent exotic or invasive species. Mean C is a
robust metric frequently used to assess conservation value in
wetlands (Matthews et al., 2005). We calculated mean C for
all native species in each plot, using C-values developed for
other Western states that were evaluated for suitability in Utah
(Menuz et al., 2016).

Water Rights, to determine the number of water diversions in
each 1000 m radius surrounding each plot. Water diversions,
roads (often associated with dikes), and canals represented the
degree of hydrologic manipulation in the surrounding region.
We determined the proportion of agriculture, developed land,
open water, and emergent wetlands within each 1000 m buffer
using the National Land Cover Dataset.
Variables related to the vegetation matrix are correlates for
dispersal of propagules entering the plot. Plots with high levels
of Phragmites cover in the matrix should be expected to receive
high levels of propagule pressure influencing further Phragmites
invasion (Simberloff, 2009), while plots surrounded by high
levels of native species should have more native propagules
available to assemble (Palmer et al., 1997). Long distance dispersal
(particularly for water-transported seed like many of Utah’s
native wetland species) may be disrupted by other factors,
such as man-made impoundments and water control structures
(Soomers et al., 2013). Around the small plots, we collected data
on the surrounding vegetation matrix of each plot in summer
2013. We expected the vegetation in these areas to remain
relatively stable year-to-year in the absence of disturbance. We
placed 12 1 m2 quadrats at even intervals 7 m outside of the
plot edge, and collected cover data for each species using the
same cover classes used within plots. Around the large plots, we
used high resolution 4-band (RGB–red, blue, green, + NIR–near
infrared) aerial imagery collected in the summer of 2013 to
determine the vegetation composition at 12 even intervals 7 m
from the edge of each plot. Our analysis determined that each
large plot was surrounded by Phragmites monocultures, which
was confirmed during site visits.

Local Abiotic and Landscape
Predictor Variables
We collected soil samples in June 2012, before the initial
treatments were conducted, to characterize local abiotic
conditions in the small and large plots. In the small plots, we
collected one soil sample at the midpoint of each transect (four
samples per plot). In the large plots, we collected three samples at
three evenly spaced intervals per transect (six samples per plot).
We used a 7.62-diameter auger to collect a 30-cm deep sample of
mineral soil after measuring and removing the organic horizon.
The Utah State University soil analytics lab processed the soils
for pH and electrical conductivity (Rhoades, 1982), and available
phosphorus (Olsen NaHCO3 method). The USU Stable Isotope
Lab assessed the soils’ total nitrogen by continuous-flow direct
combustion and mass spectrometry (CF-IRMS). We recorded
water depth measurements at every quadrat during vegetation
sampling events. Water depth is known to be an important
driving factor in wetland plant communities (Casanova and
Brock, 2000), while other abiotic variables like nutrients and
pH are known to influence the divergence in exotic and native
species dominance (Ehrenfeld, 2008). Abiotic measurements
were averaged by plot for analyses.
We derived most of the landscape predictor variables from
publicly available spatial datasets in ArcGIS 10.2. We determined
if each plot was positioned within an impounded wetland by
consulting the National Wetlands Inventory classification for
each plot location. Many GSL wetlands are impounded to
mitigate water losses in wetlands due to upstream diversions for
urban and agricultural uses, which stabilizes the availability of
waterfowl habitat, but has implications for wetland condition
(Downard et al., 2014). We used ArcGIS’s NEAR function
which calculates distances between features to determine each
plots distance to the nearest point source discharge using
the locations of Utah Pollutant Discharge Elimination System
(NPDES) permits from the Utah Department of Environmental
Water Quality. Distance to UPDES permits was a significant
factor associated with Phragmites presence in a GSL species
distribution model (Long et al., 2017a).
We drew a 1000-m buffer (Matthews et al., 2009) around
each plot from which we collected additional anthropogenic
disturbance and land-use information. Landscape-level
disturbances such as human development, roads, and agriculture
have been correlated with plant invasions and other plant
community changes in other wetlands (Chambers et al., 2008;
Tousignant et al., 2010; Menuz and Kettenring, 2013). Within
each buffer, we determined the length of roads and canals which
were hand digitized using high resolution (0.5 m resolution)
aerial imagery collected in June 2016. We overlaid each buffer
with water diversion data, sourced from the Utah Division of
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Data Analysis
To evaluate if vegetation metrics varied between large and
small patches, we conducted separate effect size analyses for
each treatment, at each scale, within each monitoring year.
The effect size approach enabled us to evaluate if the direction
and magnitude of treatment effects varied between small and
large patches (Rinella and James, 2010). For our effect size
statistic, we calculated natural log response ratio (lnRR) of
Phragmites cover and native perennial cover where lnRR for each
site = ln(treated/control). We performed a meta-analysis of each
variable using the metafor package in R (Viechtbauer, 2010).
We analyzed effect sizes with the RMA function and restricted
maximum-likelihood (REML) method. We used mixed-effects
models, with patch as the random effect, to test the significance
(α = 0.05) of effect size estimates (z-test; H0: m = 0) from
each treatment, at each scale, within each year, and examine
the difference between scales during each year (QM -test; H0:
b1 = b2 = 0) (Monaco et al., 2018).
To understand the relative influence of patch scale,
management, abiotic factors, and landscape factors on
assembling plant communities, we conducted principal
components analyses (PCAs), variation partitioning, and
redundancy analyses in R 3.0.2 (R Development Core Team,
2013) using package vegan 2.2-1 (Oksanen et al., 2015). For
these analyses, we used data from all herbicide treated plots (27
total plots; 12 large scale, 15 small scale) from 2015, the year
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shared among sets of predictors (Matthews et al., 2009). We
used adjusted R2 as an unbiased estimate of variation explained
which allows for the comparison of sets with different numbers
of predictor variables (Peres-Neto et al., 2006). Testable fractions
(the unique variable sets) were evaluated for significance using
ANOVA in the package vegan. We repeated analyses without
reducing variables using variable selection and saw the same
patterns of variation explained across explanatory sets.

following the last herbicide treatments. We removed rare species
and used a Hellinger’s transformation on our plant community
data. Hellinger’s transformations on community datasets with
large numbers of zeros enable the use of linear methods such as
redundancy analysis (RDA) (Legendre and Gallagher, 2001). We
transformed some univariate predictor variables and response
variables to best meet the assumptions of normality. We
log-transformed abiotic variables phosphorus, nitrogen, average
water depth (across all monitoring years), and 2015 water depth
(depth during the year selected for analysis). We log-transformed
landscape variables including the length of canals, length of
roads, and distance to the nearest discharge. We arcsine-squareroot-transformed the proportion of development, proportion
of agriculture, and cover of surrounding native perennials. We
square-root-transformed the distance to nearest water diversion
variable. We logit-transformed the response variables Phragmites
cover and native perennials cover. We then reduced local abiotic
and landscape disturbance variables in separate PCAs in order
to reduce redundant variables and address collinearity (Graham,
2003). For the landscape category, we excluded the proportion
of surrounding emergent marsh (1 km) and percent cover of
native perennials in the surrounding area from the PCA. These
variables were less related to landscape disturbance and were
more reflective of surrounding marsh conditions. They were
included as separate variables in further analysis.
After evaluating the resulting variables for collinearity
(Supplementary Table S1), we performed stepwise regressions
to reduce the number of predictor variables within each variable
set to be used in each separate variation partitioning analysis
(Grman et al., 2013). For plant community data, we used the
function OrdiR2step to run significance tests on each separate
variable set, retaining predictors with P < 0.1, and used adjusted
R2 as a selection criteria to avoid overfitting (Blanchet et al.,
2008). For univariate response variables, we used the MASS
package (Venables and Ripley, 2002) to reduce variables in
each variable set, using AIC to compare among models. If
the stepwise procedure resulted in no selected variables, we
manually selected the variable with the smallest increase in AIC,
or adjusted R2 , to ensure each variable set had at least one
predictor variable to perform variation partitioning. To evaluate
the significance of the variables included in the final models,
we used permutation tests for marginal significance (RDA for
plant community composition) and marginal sums of squares
(multiple regression for univariate responses).
We then performed separate variation partitioning (Legendre
and Legendre, 2012) analyses for each response variable using
RDA with the function varpart. Factors across hierarchical
scales are often intercorrelated, which can make it challenging
to disentangle the independent effects of possible causal
variables (Matthews et al., 2009). Variation partitioning among
sets of explanatory variables is a method that evaluates
the relative importance and confounding of factors across
multiple hierarchical levels (Cushman and McGarigal, 2002).
The variation partitioning procedure uses partial ordinations to
determine (1) the amount of variation independently attributable
to each set of predictors after accounting for the effects of
the other sets of predictors and (2) the amount of variation
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RESULTS
Effects Size Analysis
Phragmites cover was significantly reduced at similar magnitudes
in the first 2 years following all initial treatments (2013 and 2014)
across both scales (Figure 2 and Supplementary Table S2). In
2015 and 2016, 1 and 2 years after the final herbicide treatments,
Phragmites cover was reduced at a greater magnitude in the small
patches compared to the large patches across all treatments, but
the difference was only significant in the summer glyphosate
treatment (2015 QM = 4.85, P = 0.03; 2016 QM = 4.57, P = 0.03;
Supplementary Table S2) due to wide confidence intervals,
indicating large amounts of site variability.
Native perennial cover increased across both scales following
all treatments, but this effect was never significant at the large
scales (confidence intervals always overlapped 0) (Figure 3 and
Supplementary Table S3). Native perennial cover significantly
increased in small-scale patches across all treatments in
most years in 2014–2016, and the increase was consistently
at a greater magnitude than large patches, though the
difference was only significant in the summer glyphosate
treatment in 2015 (2015 QM = 3.79, P = 0.05; Supplementary
Table S3). Species richness significantly increased across both
scales following treatments, but at a consistently higher
magnitude in the small-scale patches than large (Figure 4 and
Supplementary Table S4).

Variable Reduction
The reduction of abiotic variables resulted in two retained
principal components that explained 69.1% of the variation
in abiotic factors among patches (Table 1). PC axis 1
loaded heavily on water depth variables and organic horizon
depth, which generally is higher with deeper and prolonged
flooding (Reddy and DeLaune, 2008). This axis primarily
represented a hydrologic gradient from drier conditions to
deeper water conditions. This axis also represented a gradient
from low to high salinity. PC axis 2 loaded most heavily
on phosphorus and nitrogen and primarily represented a
nutrient gradient.
The reduction of landscape disturbance variables resulted in
two retained principal components that explained 72.8% of the
variation in landscape variables among patches (Table 1). PC axis
1 loaded most heavily on the canals and roads, impoundment,
and distance to the nearest discharge. This axis primarily
represented a gradient in the degree of hydrologic and water
quality manipulation in the surrounding landscape. PC axis 2
loaded most heavily on water diversions, proportion of developed
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FIGURE 2 | Effect size graphs for Phragmites cover for three herbicide
treatments [(A) fall glyphosate, winter mow, (B) summer glyphosate, winter
mow, and (C) summer imazapyr, winter mow]. Points are effect sizes at each
scale, in each year, bounded by the upper and lower limits of the 95%
confidence interval.

FIGURE 3 | Effect size graphs for native emergent perennial cover for three
herbicide treatments [(A) fall glyphosate, winter mow, (B) summer glyphosate,
winter mow, and (C) summer imazapyr, winter mow]. Points are effect sizes at
each scale, in each year, bounded by the upper and lower limits of the 95%
confidence interval.

land, and proportion of agriculture, which suggests this axis
primarily represents a gradient of human infrastructure in the
surrounding landscape.
Stepwise variable selection retained abiotic PCA1 (describing
plot hydrology) for three response variables; the factors in abiotic

PCA1 had a significant negative effect on species richness,
mean C, and percent cover of native perennials (Table 2).
Abiotic PCA2 (nutrients) was not selected in variable selection
for any response variable. Landscape PCA1 (describing landscape
hydrologic disturbance) was retained in all models except mean
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TABLE 1 | Variable loadings on principal components axes.
Variable

PC axis 1

PC axis 2

Abiotic variables
pH
Salinity
Phosphorus
Nitrogen

−
0.482

−0.417
−

−

0.602

−0.186

0.631

Water depth 2015

0.512

0.163

Average water depth 2012–2016

0.541

0.181

O horizon depth

0.423

Variance explained (%)

40.13

−
28.93

Landscape disturbance variables
Impounded

0.377

0.290

Proportion developed land (1 km)

−0.211

0.586

Proportion agriculture (1 km)

−0.339

0.386

Length of canals (1 km)

0.475

0.296

Length of roads (1 km)

0.393

0.263

Distance to nearest discharge

0.477

0.109

Number of water diversions (1 km)

−0.300

Variance explained (%)

44.82

0.505
27.99

Phragmites (Table 2). Landscape PCA2 was only significant for
the plant community model. The proportion of emergent marsh
in the surrounding area had a positive effect on species richness
and a negative effect on Phragmites cover, though this effect
was only moderately significant. Herbicide season was significant
for both Phragmites and mean C models, while herbicide type
was not significant in all models. Spatial scale was selected and
significant in all models except for the plant community analysis.
The direction of spatial effects indicated that smaller plots had
higher species richness, mean C, and native perennial cover,
and lower Phragmites cover than the large plots (Table 2 and
Supplementary Figures S1–S4).

Variation Partitioning
Scale was a significant variable in explaining variation in
each plant community outcome, but the amount of variation
scale alone explained was minimal (<5%) (Table 3). For each
univariate plant community outcome, the combined influence of
scale and abiotic factors explained ∼14–38% of variation. Scale in
combination with both landscape and abiotic variables explained
23% of variation for mean C and 11% of variation for native
perennial cover (Table 3).
Management explained almost 10% of the variation for
Phragmites cover, but was not a significant variable for
any other response (Table 3). Fall herbicide treatments
resulted in less Phragmites cover than summer treatments,
but type of herbicide was not significant (Table 2 and
Supplementary Table S6).
Abiotic variables were consistently the most important unique
variable explaining variation in plant community responses
(Table 3). Deeper hydrology (higher values of abiotic PCA1)
had a negative influence on native perennials, species richness,
and mean C (Table 2 and Supplementary Table S6). The RDA
biplot with the abiotic principal component overlaid showed

FIGURE 4 | Effect size graphs for species richness for three herbicide
treatments [(A) fall glyphosate, winter mow, (B) summer glyphosate, winter
mow, and (C) summer imazapyr, winter mow]. Points are effect sizes at each
scale, in each year, bounded by the upper and lower limits of the 95%
confidence interval.

C; the factors in PCA1 had a negative influence on species
richness and native perennial cover and a positive influence
on Phragmites cover. Percent cover surrounding natives had
a significant positive effect on all response variables except

Frontiers in Plant Science | www.frontiersin.org
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TABLE 2 | Selection of predictor variables from each variable category for inclusion in variation partitioning.
Predictor variable

Plant
community

Species
richness

Mean C

Phragmites

Native
perennials

#ns

X∗∗ –

X∗∗∗ –

X. +

X∗ –

#ns

#ns

X. +

X∗ –

X. +

#ns

X∗∗∗ –

X∗∗∗ –

#ns

X∗∗∗ –

PC1 (hydrologic disturbance)

X∗∗

X∗∗ –

X. +

X∗∗ –

PC2 (developed disturbance)

X∗

Scale
Spatial scale
Management
Herbicide season
Herbicide type
Abiotic variables
PC1 (hydrology)
PC2 (nutrients)
Landscape variables

Proportion emergent marsh

X. +
X∗∗

% cover surrounding natives

X. –

X∗∗ +

X∗ +

X∗∗ +

Response variables were plant community composition, plot level species richness, mean conservation coefficient, Phragmites cover, and native perennial cover.
Categorical factors were spatial scale (small plots: 0, large plots: 1), herbicide season (summer: 0, fall: 1), and herbicide type (imazapyr: 0, glyphosate: 1). X indicates that
a variable was selected during the stepwise procedure. # indicates that the variable was manually selected (based on a minimal increase in AIC or adjusted R2 ) to ensure
that at least one predictor from each category was present. Significance of terms in the final models is identified ∗∗∗ P ≤ 0.001, ∗∗ P ≤ 0.01, ∗ P ≤ 0.05, P ≤ 0.1, ns > 0.1.
For significant terms, + indicates a positive effect and − indicates a negative effect.
TABLE 3 | Percentage variation explained by the unique contributions of scale (S), management (M), abiotic (A), and landscape (L) factors, and the variation explained by
their intersections.
Explanatory variable set

S (Scale)

Variance explained (%)
Plant
community

Species
richness

Mean C

Phragmites
cover

Native
perennials
cover

4.6.

0∗∗

0∗∗∗

3.8.

0∗∗∗

M (Management)

2.1

0

11.9

9.3.

3.2

A (Abiotic)

12.9∗∗∗

26.3∗∗

15.3∗∗∗

0

11.8∗∗∗

L (Landscape)

6.8∗∗∗

2.2∗∗∗

12.5∗∗∗

0∗

15.8.

SM

0

0

0

0

0

SA

0

38.2

22.3

13.9

30.8

SL

0.2

0

0

0

0

MA

0

0

0

0

0

ML

0

0.2

0.3

1.6

0

AL

2.2

0

0

0

6.4

SMA

0.1

0

0.8

0.23

0

SLA

0.2

0

23.4

0

11.0

MLA

0

0.2

0

0

0

SMLA

0

0

0

0

0

77.6

42.9

32.2

71.1

34.0

Residuals

The significance of the testable model fractions (i.e., the unique contributions) was denoted by ∗∗∗ P ≤ 0.001, ∗∗ P ≤ 0.01, ∗ P ≤ 0.05, P≤ 0.1.

patterns that reflected these results (Figure 5). Sites with low
scores along the first axis were dominated by a few species
with lower habitat value that could tolerate deep flooding
including Lemna spp., Typha spp., and Phragmites. Sites with
high scores along the first axis were associated with more
diverse species assemblages, and organized by more drought
tolerant species (i.e., Salicornia rubra and Hordeum jubatum)
associated with high scores on axis 2, and more obligate wetland
species (i.e., Eleocharis palustris and Bidens cernua) with low
scores on axis 2.

Frontiers in Plant Science | www.frontiersin.org

Landscape variables were significant for each plant
community outcome, and uniquely explained ∼7–13% of
variation in native perennials and species richness. Plots with
high amounts of hydrologic disturbance in the landscape (high
levels of landscape PCA1) had lower levels of species richness
and perennial cover, while those that had high amounts of
perennial natives in the surrounding landscape had high cover
of native perennials and greater species richness (Table 2).
Landscape variables also accounted for nearly half of the
explained variation in Phragmites cover (∼16%) (Table 3).
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FIGURE 5 | RDA plot of the plant community from 2015 with the PCA1 hydrology overlaid. Large plots are marked by black dots. Small plots are marked by open
white dots. Species codes are: ALGAE: algae; ATRSPP: Atriplex spp.; BASSCO: Bassia scoparia; BERERE: Berula erecta; BIDCER: Bidens cernua; BOLMAR:
Bolboschoenus maritimus; CHEGLA: Chenopodium glaucum; DISSPI: Distichlis spicata; ELEPAL: Eleocharis palustris; EPICIL: Epilobium ciliatum; HORJUB:
Hordeum jubatum; LACSER: Lactuca serriola; LEMNA: Lemna spp.; POLLAP: Polygonum lapathifolium; POLMON: Polypogon monspeliensis; POLRAM: Polygonum
ramosissimum; PHRAUS: Phragmites australis; RUMMAR: Rumex maritimus; SALRUB: Salicornia rubra; SCHACU: Schoenoplectus acutus; SCHAME:
Schoenoplectus americanus; SUACAL: Suaeda calceoliformis; SYMCIL: Symphyotrichum ciliatum; TYPSPP: Typha spp.; VERANA: Veronica anagallis-arvensis.

Plots with higher levels of hydrologic disturbance and with
a smaller proportion of emergent marsh in the surrounding
landscape had higher covers of Phragmites (Table 2). The RDA
biplot with significant landscape variables overlaid reflected
these results. Plots that were more dominated by Phragmites
were associated with higher levels of hydrologic disturbance
in the landscape (Figure 6). More species rich wetland plant
communities were associated with greater amounts of native
perennials in the landscape.

outcomes (Hazelton et al., 2014; Quirion et al., 2018). In this
study, we found that herbicide treatments led to more
consistently successful outcomes in small patches compared with
large ones. Over a 5-year management timeline, Phragmites
reinvaded more slowly, and native perennial plants established
at higher covers in the small patches. Like other studies that
have evaluated patch scale influence on assembling communities
(Ricketts, 2001; Holl and Crone, 2004), we found the scale
of the treated patch alone accounted for very little of the
variation in plant community responses. However, scale jointly
with abiotic and/or landscape factors explained large amounts
of variation in Phragmites and native plant responses following
management. Specifically, large patches often had deeper and
more prolonged flooding than small patches, which had a
negative influence on the cover, conservation value, and richness
of native plants. Large patches were also often in areas with
more landscape-scale hydrologic disturbance, which promoted
Phragmites reinvasion and had a negative influence on the

DISCUSSION
Phragmites is known to be one of the most problematic
wetland invaders in North America (Galatowitsch et al., 1999)
and is heavily managed (Martin and Blossey, 2013), yet little
is known about how the size and environmental context
of managed patches can influence Phragmites management

Frontiers in Plant Science | www.frontiersin.org
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FIGURE 6 | RDA of the plant community from 2015 with the significant landscape variables overlaid. Large plots are marked by black dots. Small plots are marked
by open white dots. The RDA vectors are PCA.1_HydroDist: Landscape PCA 1 representing nearby hydrologic disturbances like canals and impoundments;
PCA.2_DevDisturbance: Landscape PCA2 representing nearby disturbance from nearby human developments; SurVegNative: percent cover of native perennial
species in the surrounding vegetation of each plot. For species codes, refer to Figure 5.

Phragmites herbicide management most effective at smaller scales
(Quirion et al., 2018), though they found the best Phragmites
cover reduction in patches less than 1 m2 , far smaller than
our 1000 m2 small patches. Phragmites reinvasion, particularly
following management of large patches (>5 acres), is a common
observation among managers (Myers et al., 2009). We found that
patch size alone accounted for a small amount of variation (<5%)
in Phragmites cover, likely explained by the different modes of
follow-up herbicide treatment at the different scales (machine
herbicide spraying in large patches vs. more precise and less
destructive backpack spraying in small patches). But most of
the variation in Phragmites cover that we observed was from
abiotic conditions and landscape influences, factors which often
corresponded with patch scale.
Phragmites can withstand a wide range of salinity, hydrologic,
and nutrient conditions (Eller et al., 2017), but treatments may
not be equally effective across environmental gradients (Rohal,

cover and habitat quality of returning native species. Small
patches were more often surrounded by a matrix of native
perennial species, which had a positive influence on native plant
recovery. For the most successful outcomes, managers should
focus Phragmites treatments on patches with shallow flooding,
less hydrologic disturbance, and more native species in the
surrounding matrix.

Phragmites Management Success at
Two Spatial Scales
Invasive species reinvasion following management efforts is
common, and has been attributed to variable environmental
conditions, invader propagule pressure, native plant recruitment
limitations, or ineffective treatments (Pearson et al., 2016). Patch
scale can also have implications for invasive species reinvasion
patterns. Mirroring our results, another recent study found
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one-time measurements of soil nutrients likely did not capture
temporal and spatial variation in nutrient dynamics or all the
different forms of nitrogen important to Phragmites growth
(Mozdzer et al., 2010), which may have been more important in
explaining vegetation dynamics. High salinity can also constrain
Phragmites growth (Burdick et al., 2001), and may have an
influence on treatment effectiveness when elevated, but the
salinities observed in our treatment plots were well within its
tolerance limits (Eller et al., 2017).
Landscape level disturbances are widely considered factors
that can promote plant invasions (Menuz and Kettenring, 2013),
particularly in wetlands that are landscape sinks (Zedler and
Kercher, 2004). Our findings indicate that some landscape-scale
disturbances, such as hydrologic disturbances from roads and
canals associated with man-made impoundments can also
promote the reinvasion of Phragmites following management.
Landscape factors associated with disturbance to a wetland’s
natural hydrology, including shoreline alterations, dredging,
and diking, are often implicated in promoting invasions
(Galatowitsch et al., 1999), and have been linked to Phragmites
invasions (Chambers et al., 1999, 2003). Restrictions to
natural hydrology may create lower salinities than unaltered
wetlands, which can promote Phragmites presence (Burdick
et al., 2001). Impoundments and water alterations also likely
contributed to the deeper and longer duration flooding that can
contribute to Phragmites competitive dominance (Brix et al.,
1992; Galatowitsch et al., 1999; Kercher and Zedler, 2004).
Despite the possible negative implications, impoundments have
enormous benefits for buffering GSL wetlands from drought,
since water availability is limited by widespread upstream
urban and agricultural uses (Downard and Endter-Wada, 2013).
Water control associated with such impoundments can often
assist Phragmites management efforts by allowing for increased
equipment access (Rohal et al., 2017). In addition, water control
may allow for the manipulation of a hydrologic regime that
could favor native species over Phragmites, though this has been
unexplored empirically.

2018). In this study, abiotic conditions in combination with scale
accounted for a large amount of the variation in Phragmites
cover following treatments. This result was largely explained
by the differences in flooding observed across patch scales,
with deeper water and larger organic horizons observed in
large-scale plots (e.g., average water depth for large patches was
17.5 cm compared with 2.6 cm for small patches). Phragmites
herbicide management is most effective when soil moisture
is high, since drought-stressed Phragmites does not effectively
translocate herbicides to the roots (Carlson et al., 2009; Rohal
et al., 2017; Rohal, 2018). But water depth, particularly after
management treatments cease, likely plays an important part in
the competitive dynamics between Phragmites and other native
species. For example, fewer plant competitors can withstand
deeper water, thus increasing light resource availability and
increasing ecosystem susceptibility to invasion (Davis et al.,
2000). Established Phragmites is highly tolerant of inundation,
while many native species cannot withstand these conditions
(Brix et al., 1992; Eller et al., 2017). Flooding (>3.5 cm)
is known to inhibit Phragmites seed germination (Baldwin
et al., 2010; Kettenring et al., 2015), but also can limit the
germination of many native wetland plants (Leck, 2003). Those
patches that had deeper flooding likely saw an expansion of the
remaining Phragmites through rhizomes due to clonal integration
(Amsberry et al., 2000), with limited recruitment of Phragmites
by seed, but also limited recruitment of native species. Lower
native plant recruitment likely also limited the biotic resistance to
Phragmites expansion (Byun et al., 2015), which in turn may have
contributed to the higher amounts of Phragmites observed in the
large flooded patches. Very deep flooding (>0.5 m) can restrict
Phragmites growth (Hudon et al., 2005), but the depth of flooding
we measured (the deepest plots rarely exceeded 30 cm) did not
limit Phragmites expansion after herbicide treatments ceased.
The environmental factors and processes that lead to the
creation of large, expansive Phragmites patches are explored in
the literature, but are poorly understood (Lathrop et al., 2003;
Kettenring et al., 2016). Phragmites patch expansion rates and
patch dynamics are highly variable across its range (reviewed
in Kettenring et al., 2016), indicating that the creation of large
patches is not just a function of time since invasion, but may
also be influenced by other variables, such as environmental
factors, propagule pressure, and disturbance histories. It is
often suggested that site hydrology may play an important role
(Warren et al., 2001; Kettenring et al., 2016). Given the stark
differences in hydrology that we observed in the small and
large patches, we hypothesize that it may be altered hydrologic
patterns [specifically prolonged flooding (<0.5 m) through the
growing season] that most enable the rapid patch expansion and
the creation of large patches. This study highlights that these
conditions, in turn, can limit restoration outcomes.
Phragmites is a high nutrient specialist (Mozdzer et al., 2010);
with plentiful nutrients it can produce more above-ground
biomass (Minchinton and Bertness, 2003), greater numbers of
florets and inflorescences (Kettenring et al., 2011), and explosive
seedling growth (Kettenring and Whigham, 2018). Contrary
to our expectations, soil nutrients did not explain any of the
variation in Phragmites reinvasion following management. Our
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Native Plant Recovery Following
Phragmites Management
Despite minimal quantitative evidence of plant community
outcomes following Phragmites management (Hazelton et al.,
2014), Phragmites managers often assume that conditions
will be adequate for native plant recruitment following
management (Rohal et al., 2018). However, we saw variable
levels of native plant return following management efforts,
with consistently greater covers of native perennial plants
and higher species richness in small patches than large
(Supplementary Table S5). The size of the patch alone
accounted for very little of this variation in plant communities.
While scale-based ecological processes like differing spatial
heterogeneity and edge to area ratios were likely still at
play (Englund and Cooper, 2003; Holl and Crone, 2004),
they were less important relative to abiotic and landscape
factors at the temporal scale of this study. Spatial scale
in combination with abiotic conditions (predominantly
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that might be partially explained by the negative influence
of hydrologic disturbance on propagule dispersal. Dams,
ditching, and diking are known to disrupt seed dispersal,
particularly for water transported seed (Nilsson et al., 2010)
like those of many high-quality wetland perennials in GSL
(Kadlec and Smith, 1984). Disturbance to the natural hydrologic
regime associated with impoundment infrastructure might also
reduce establishment opportunities by restricting drawdown
conditions (Van Geest et al., 2005).
While constricted dispersal routes can negatively influence
wetland plant assembly, limitations in the abundance and
distribution of propagules in the surrounding area can also
constrain plant community assembly in wetlands (Houlahan
et al., 2006). The absence of native species surrounding
large patches may have contributed to the poor native plant
recruitment we observed in such areas. We found a positive
relationship between the cover of native perennials in the
surrounding matrix and the cover and richness of native
species assembling in treated patches, which indicates that
the increased native propagule pressure associated with such
conditions promotes more robust native recruitment following
Phragmites management. These results are in line with many
other studies that found positive associations between proximity
to native populations and the richness and cover of desirable
plant communities following invasive plant removal (e.g., Erskine
Ogden and Rejmánek, 2005; Matthews et al., 2017) and
other restoration actions (e.g., Holl and Crone, 2004; Helsen
et al., 2013). We found a positive relationship between native
perennials in patch surroundings and the conservation value of
returning plant communities. An intact native matrix may be
evidence of less disturbance (Reid et al., 2009), conditions which
can promote the assembly of higher quality native plant species
(Cohen et al., 2004).

hydrology) explained the most variation for each measured plant
community response.
Hydrology, specifically flooding depth, duration, and
frequency, is known to be a factor of overriding influence in
determining plant community assembly in wetlands (Reddy and
DeLaune, 2008). Thus, our finding that hydrologic variables
were the leading driver of plant community outcomes is not
surprising and confirms similar findings in other wetlands
(e.g., Matthews et al., 2009; Tousignant et al., 2010; Tsai et al.,
2012). Like others studying arid wetlands (Tsai et al., 2012), we
found that greater water depth and increased organic horizons
(associated with prolonged flooding) negatively influenced
species richness and native perennial cover. Shallowly flooded
or mudflat conditions that promote a more diverse suite of
wetland plant germination syndromes (Smith and Kadlec,
1983) were more common in the small patches, where we
recorded greater numbers of species and covers of native
perennials. Deep and prolonged flooding in the large patches also
negatively influenced the conservation value of the returning
species. Typha, a species with low conservation value and
considered a wetland invader in many ecosystems, was the most
dominant emergent plant beyond Phragmites that returned to
large, more deeply flooded patches. Like Phragmites, Typha is
more tolerant of deeply flooded conditions than many native
species (Kercher and Zedler, 2004). Hydrologic shifts that lead
to deep and prolonged flooding often favor invasive species
that are more broadly tolerant of these altered conditions
(Zedler and Kercher, 2004).
Still, others have found that dispersal and seed availability
are more limiting than abiotic conditions in wetland plant
assembly (Zobel et al., 2000; Kettenring and Galatowitsch,
2011a,b), suggesting seed availability might also be limiting
the plant community responses we observed. Even in more
deeply flooded sites, the heterogeneity we observed in water
depth was substantial, which indicates that there were enough
germination opportunities to expect greater richness and covers
of perennial wetland species than what we observed. For example,
three bulrush species (Schoenoplectus americanus, S. acutus, and
B. maritimus) that are the dominant perennial species in GSL
(Downard et al., 2017) all have superior germination in 5–10 cm
of water (Clevering, 1995), conditions that were met in all
but the most deeply flooded sites. If these species were readily
available in the seed bank, we would expect to see them take
advantage of microsites, yet we observed minimal recruitment,
possibly because the densities of invaded seed banks rarely match
uninvaded areas (Gioria and Pyšek, 2015). While seed banks
under Phragmites stands are diverse in tidal systems (Baldwin
et al., 2010; Hazelton et al., 2018), this may not be the case
in inland systems, particularly where hydrologic connectivity
between wetlands has been disrupted.
Dispersal and connectivity between a patch and native
plants in the surrounding area may mediate the degree
to which assembling plant communities reflect underlying
environmental gradients (Alexander et al., 2012). We found
that disturbance in the landscape associated with impoundment
infrastructure, including roads and canals, was associated with
less native perennial cover and species richness, a result
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Management Implications
While managers seek to refine management practices to achieve
restoration goals, it is often factors outside of management
decision-making, like site, landscape, or historical contingencies
that drive plant community outcomes (Brudvig, 2011). In this
study, management choices about herbicide type and timing
were less important than landscape and abiotic factors for
explaining differences in Phragmites cover and native plant
recovery following treatments. Nevertheless, while herbicide
type was insignificant, fall herbicide timing did result in less
Phragmites cover and led to more consistent results across
scales than summer treatments. Fall treatments were superior for
Phragmites removal likely because herbicide is more effectively
translocated to rhizomes in the fall as Phragmites prepares for
senescence (Tu et al., 2001). While fall treatments released
more opportunities for native establishment by more effectively
removing Phragmites, herbicide timing did not explain much
variation in plant community responses. Although we did
not see a strong signal for management decisions on plant
community outcomes in this study, we caution that management
decisions may still have important consequences in other
contexts. We chose management methods that we expected
would be effective, following consultations with experienced
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restorations (Kettenring and Adams, 2011). Like Erskine
Ogden and Rejmánek (2005), we found that the results we
observed at a smaller scale did not translate to large-scale
efforts, particularly regarding native plant recovery after invader
removal. These results highlight the importance of having
an experimental arena that reflect the common scales of
management (Englund and Cooper, 2003). And it supports the
growing call (Brudvig et al., 2017) to conduct restoration research
across many sites with diverse abiotic, historic, and landscape
contexts to better understand the contingencies of restoration
outcomes. Partnerships between researchers and managers can
enable investigation at the necessary spatial and temporal scales
to elucidate such constraints (Zedler, 2000; Rohal et al., 2018).

land managers and a review of previous research (Rohal et al.,
2018). Had we included less appropriate management actions,
such as manual removal without herbicide, we may have seen
greater variability in plant community outcomes, and a stronger
signal for management.
Multiple ecological models have supported recommendations
for managers to target small, outlier patches of invasive species,
which most efficiently reduces invader spread and is more cost
effective (Moody and Mack, 1988; Higgins et al., 2000; Taylor and
Hastings, 2004). One Phragmites-specific model offered evidence
that prioritizing small patches of Phragmites is more effective
for reducing spread (Alminagorta Cabezas, 2015), explained by
Phragmites’ ability to rapidly expand vegetatively (Kettenring
et al., 2016), and the larger edge to area ratios of small patches.
Regardless, large patches of Phragmites are often targeted, though
this may not be the best method to reduce Phragmites cover
at the landscape scale. For example, one 6-year Phragmites
monitoring effort showed that the reduction of Phragmites cover
from the herbicide treatment of large patches (>5 acres) was
offset by rapid expansion of untreated small patches (Myers
et al., 2009). In addition, our study, like Quirion et al. (2018),
provides evidence that large patches of Phragmites might also
be more challenging to manage effectively, and may result in
lower recruitment of native plants. Our research provides further
context, suggesting that it is not the scale of the patch, per se,
that controls outcomes, but the abiotic and landscape factors
that correspond with patch scale that drive plant community
results. Thus, to maximize plant community results, managers
should target small Phragmites patches in less disturbed areas,
with substantial established native communities in the matrix
(Long et al., 2017b). With limited resources, choosing less
degraded sites (Reid et al., 2009; Prior et al., 2017) with a
matrix dominated by desirable native species (Matthews et al.,
2017) allows managers to maximize the success of their efforts
(Holl and Aide, 2011).
Often the management of large patches of invasive species is
prioritized because of political reasons (Palmer, 2009), feasibility
(Larson et al., 2011), and site-specific concerns (McGeoch et al.,
2016). Should practitioners choose to manage large patches of
Phragmites, our results suggest they should then plan for the
additional constraints that are likely associated with such patches.
Particularly for large patches that are isolated from intact native
species, or subject to hydrologic disturbance that might limit
native species dispersal, managers should consider including
active revegetation in management plans, which can help
overcome propagule limitations (Erskine Ogden and Rejmánek,
2005; Morzaria-Luna and Zedler, 2007) and promote more rapid
native recruitment, increasing biotic resistance to Phragmites
reinvasion (Byun et al., 2015). If hydrologic control is an option,
our research suggests promoting a more natural hydrologic
pattern instead of moderately deep and prolonged flooding,
which can promote more native species germination. However,
managers should be cautious that these conditions might also
promote Phragmites germination (Kettenring et al., 2015).
Invasive plant experiments are often conducted at small
(<1 m2 ) scales which can limit their applicability to real-world

Frontiers in Plant Science | www.frontiersin.org

AUTHOR CONTRIBUTIONS
All authors contributed substantially to this work. CR, CC, and
KK contributed to the experimental design, data acquisition, and
data interpretation. CR analyzed data and drafted the manuscript.
KK contributed critical revisions and oversight of this work.

FUNDING
This work was supported by Ducks Unlimited Canada, The
Community Foundation of Utah, U.S. Fish and Wildlife Service,
Utah Department of Environmental Quality, Utah Agricultural
Experiment Station, Friends of the GSL, USU Research and
Graduate Studies, Utah State University Ecology Center, The
Society of Wetland Scientists, Utah Wetlands Foundation, the
Intermountain West Joint Venture, The Utah Division of Wildlife
Resources, Utah Division of Forestry, Fire & State Lands,
Kennecott Utah Copper, The Salt Institute, U.S. Environmental
Protection Agency, The Wetland Foundation, Delta Waterfowl,
Southshore Wetlands and Wildlife Management Inc., and The
Utah Waterfowl Association. This research was supported by the
Utah Agricultural Experiment Station, Utah State University, and
approved as journal paper number 9125.

ACKNOWLEDGMENTS
We are grateful for manuscript feedback from R. Downard,
T. Monaco, K. Veblen, E. Hammill, C. Reinhardt Adams, and
P. Wilcock. We thank land managers J. Jones, R. Hansen, D.
England, H. Browers, A. Neville, and C. Brown for their assistance
with treatment implementation.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00481/
full#supplementary-material

14

April 2019 | Volume 10 | Article 481

Rohal et al.

Restoration Across Spatial Scales

REFERENCES

faunal communities. Biol. Invasions 15, 1725–1737. doi: 10.1007/s10530-0120404-9
Diez, J. M., Buckley, H. L., Case, B. S., Harsch, M. A., Sciligo, A. R., Wangen, S. R.,
et al. (2009). Interacting effects of management and environmental variability
at multiple scales on invasive species distributions. J. Appl. Ecol. 46, 1210–1218.
doi: 10.1111/j.1365-2664.2009.01725.x
Downard, R., and Endter-Wada, J. (2013). Keeping wetlands wet in the western
United States: adaptations to drought in agriculture-dominated human-natural
systems. J. Environ. Manage. 131, 394–406. doi: 10.1016/j.jenvman.2013.10.008
Downard, R., Endter-Wada, J., and Kettenring, K. M. (2014). Adaptive wetland
management in an uncertain and changing arid environment. Ecol. Soc. 19,
1–15. doi: 10.5751/ES-06412-190223
Downard, R., Frank, M., Perkins, J., Kettenring, K., and Larese-Casanova, M.
(2017). Wetland Plants of Great Salt Lake, A Guide to Identification,
Communities and Bird Habitat (Logan, UT: Utah State University Extension),
84322–4900. Available at: https://digitalcommons.usu.edu/extension_curall/
1761
Ehrenfeld, J. G. (2008). Exotic invasive species in urban wetlands: environmental
correlates and implications for wetland management. J. Appl. Ecol. 45,
1160–1169. doi: 10.1111/j.1365-2664.2008.01476.x
Eller, F., Skálová, H., Caplan, J. S., Bhattarai, G. P., Burger, M. K., Cronin, J. T.,
et al. (2017). Cosmopolitan species as models for ecophysiological responses to
global change: the common reed Phragmites australis. Front. Plant Sci. 8:1833.
doi: 10.3389/fpls.2017.01833
Englund, G., and Cooper, S. D. (2003). Scale effects and extrapolation in ecological
experiments. Adv. Ecol. Res. 33, 161–213. doi: 10.1016/S0065-2504(03)33011-9
Erskine Ogden, J. A., and Rejmánek, M. (2005). Recovery of native plant
communities after the control of a dominant invasive plant species, Foeniculum
vulgare: implications for management. Biol. Conserv. 125, 427–439. doi: 10.
1016/j.biocon.2005.03.025
Findlay, S., Groffman, P., and Dye, S. (2003). Effects of Phragmites australis removal
on marsh nutrient cycling. Wetl. Ecol. Manag. 11, 157–165. doi: 10.1023/A:
1024255827418
Galatowitsch, S. M., Anderson, N. O., and Ascher, P. D. (1999). Invasiveness in
wetland plants in temperate North America. Wetlands 19, 733–755. doi: 10.
1007/BF03161781
Gioria, M., and Pyšek, P. (2015). The legacy of plant invasions: changes in the soil
seed bank of invaded plant communities. BioScience 66, 40–53. doi: 10.1093/
biosci/biv165
Graham, M. H. (2003). Confronting multicollinearity in ecological multiple
regression. Ecology 84, 2809–2815. doi: 10.1890/02-3114
Grman, E., Bassett, T., and Brudvig, L. A. (2013). EDITOR’S CHOICE: confronting
contingency in restoration: management and site history determine outcomes
of assembling prairies, but site characteristics and landscape context have little
effect. J. Appl. Ecol. 50, 1234–1243. doi: 10.1007/s12237-017-0289-z
Hazelton, E. L. G., Downard, R., Kettenring, K. M., McCormick, M. K., and
Whigham, D. F. (2018). Spatial and temporal variation in brackish wetland
seedbanks: implications for wetland restoration following Phragmites control.
Estuaries Coast. 41, 68–84. doi: 10.1093/aobpla/plu001
Hazelton, E. L. G., Mozdzer, T. J., Burdick, D. M., Kettenring, K. M., and Whigham,
D. F. (2014). Phragmites australis management in the United States: 40 years of
methods and outcomes. AoB Plants 6, 1–19. doi: 10.1093/aobpla/plu001
Hejda, M., Pyšek, P., and Jarošík, V. (2009). Impact of invasive plants on the
species richness, diversity and composition of invaded communities. J. Ecol. 97,
393–403. doi: 10.1371/journal.pone.0039571
Helsen, K., Hermy, M., and Honnay, O. (2013). Spatial isolation slows down
directional plant functional group assembly in restored semi-natural grasslands.
J. Appl. Ecol. 50, 404–413. doi: 10.1111/1365-2664.12037
Higgins, S. I., Richardson, D. M., and Cowling, R. M. (2000). Using a dynamic
landscape model for planning the management of alien plant invasions. Ecol.
Appl. 10, 1833–1848. doi: 10.2307/2641242
Holl, K. D., and Aide, T. M. (2011). When and where to actively restore ecosystems?
For. Ecol. Manage. 261, 1558–1563. doi: 10.1186/s13062-015-0094-1
Holl, K. D., and Crone, E. E. (2004). Applicability of landscape and island
biogeography theory of riparian understorey to restoration plants. J. Appl. Ecol.
41, 922–933. doi: 10.1111/j.0021-8901.2004.00949.x
Houlahan, J. E., Keddy, P. A., Makkay, K., and Findlay, C. S. (2006). The effects
of adjacent land use on wetland species richness and community composition.

Ailstock, M. S., Norman, C. M., and Bushmann, P. J. (2001). Common reed
Phragmites australis: control and effects upon biodiversity in freshwater
nontidal wetlands. Restor. Ecol. 9, 49–59. doi: 10.1046/j.1526-100x.2001.
009001049.x
Alexander, H. M., Foster, B. L., Ballantyne, F., Collins, C. D., Antonovics, J., and
Holt, R. D. (2012). Metapopulations and metacommunities: combining spatial
and temporal perspectives in plant ecology. J. Ecol. 100, 88–103. doi: 10.1111/j.
1365-2745.2011.01917.x
Alminagorta Cabezas, O. (2015). Systems Optimization Models to Improve Water
Management and Environmental Decision Making. Logan, UT: Utah State
University.
Amsberry, L., Baker, M. A., Ewanchuk, P. J., and Bertness, M. D. (2000).
Clonal integration and the expansion of Phragmites australis. Ecol. Appl. 10,
1110–1118. doi: 10.1890/1051-0761(2000)010[1110:CIATEO]2.0.CO;2
Baldwin, A. H., Kettenring, K. M., and Whigham, D. F. (2010). Seed banks
of Phragmites australis-dominated brackish wetlands: relationships to seed
viability, inundation, and land cover. Aquat. Bot. 93, 163–169. doi: 10.1016/j.
aquabot.2010.06.001
Blanchet, F. G., Legendre, P., and Borcard, D. (2008). Forward selection of
explanatory variables. Ecology 89, 2623–2632. doi: 10.1890/07-0986.1
Brix, H., Sorrell, B. K., and Orr, P. T. (1992). Internal pressurization and convective
gas flow in some emergent freshwater macrophytes. Limnol. Oceanogr. 37,
1420–1433. doi: 10.4319/lo.1992.37.7.1420
Brudvig, L. A. (2011). The restoration of biodiversity: Where has research been and
where does it need to go? Am. J. Bot. 98, 549–558. doi: 10.3732/ajb.1000285
Brudvig, L. A., Barak, R. S., Bauer, J. T., Caughlin, T. T., Laughlin, D. C., Larios, L.,
et al. (2017). Interpreting variation to advance predictive restoration science.
J. Appl. Ecol. 54, 1018–1027. doi: 10.1111/1365-2664.12938
Burdick, D. M., Buchsbaum, R., and Holt, E. (2001). Variation in soil salinity
associated with expansion of Phragmites australis in salt marshes. Environ. Exp.
Bot. 46, 247–261. doi: 10.3389/fpls.2016.00432
Byun, C., de Blois, S., and Brisson, J. (2015). Interactions between abiotic
constraint, propagule pressure, and biotic resistance regulate plant invasion.
Oecologia 178, 285–296. doi: 10.1007/s00442-014-3188-z
Carlson, M. L., Kowalski, K. P., and Wilcox, D. A. (2009). Promoting species
establishment in a Phragmites-dominated Great Lakes coastal wetland. Nat.
Areas J. 29, 263–280. doi: 10.3375/043.029.0306
Casanova, M. T., and Brock, M. A. (2000). How do depth, duration and frequency
of flooding influence the establishment of wetland plant communities? Plant
Ecol. 147, 237–250. doi: 10.1023/A:1009875226637
Chambers, R. M., Havens, K. J., Killeen, S., and Berman, M. (2008). Common reed
Phragmites australis occurrence and adjacent land use along estuarine shoreline
in Chesapeake Bay. Wetlands 28, 1097–1103. doi: 10.1672/07-61.1
Chambers, R. M., Meyerson, L. A., and Saltonstall, K. (1999). Expansion of
Phragmites australis into tidal wetlands of North America. Aquat. Bot. 64,
261–273.
Chambers, R. M., Osgood, D. T., Bart, D. J., and Montalto, F. (2003). Phragmites
australis invasion and expansion in tidal wetlands: Interactions among salinity,
sulfide, and hydrology. Estuaries 26, 398–406. doi: 10.1016/S0304-3770(99)
00055-8
Clevering, O. A. (1995). Germination and seedling emergence of Scirpus lacustris
L. and Scirpus maritimus L with special reference to the restoration of wetlands.
Aquat. Bot. 50, 63–78. doi: 10.1016/0304-3770(94)00445-R
Cohen, M. J., Carstenn, S., and Lane, C. R. (2004). Floristic quality indices for biotic
assessment of depressional marsh condition in Florida. Ecol. Appl. 14, 784–794.
doi: 10.1890/02-5378
Cushman, S. A., and McGarigal, K. (2002). Hierarchical, multi-scale decomposition
of species-environment relationships. Landsc. Ecol. 17, 637–646. doi: 10.1023/A:
1021571603605
Davis, M. A., Grime, J. P., and Thompson, K. (2000). Fluctuating resources
in plant communities: a general theory of invasibility. J. Ecol. 88, 528–534.
doi: 10.1046/j.1365-2745.2000.00473.x
De Blois, S., Domon, G., and Bouchard, A. (2002). Landscape issues in plant
ecology. Ecography 2, 244–256. doi: 10.1034/j.1600-0587.2002.250212.x
Dibble, K. L., Pooler, P. S., and Meyerson, L. A. (2013). Impacts of plant
invasions can be reversed through restoration: a regional meta-analysis of

Frontiers in Plant Science | www.frontiersin.org

15

April 2019 | Volume 10 | Article 481

Rohal et al.

Restoration Across Spatial Scales

Wetlands 26, 79–96. doi: 10.1672/0277-5212(2006)26[79:TEOALU]2.
0.CO;2
Hudon, C., Gagnon, P., and Jean, M. (2005). Hydrological factors controlling
the spread of common reed (Phragmites australis) in the St. Lawrence River
(Québec, Canada). Écoscience 12, 347–357. doi: 10.2980/i1195-6860-12-3347.1
Kadlec, J. A., and Smith, L. M. (1984). Marsh plant establishment on newly flooded
salt flats. Wildl. Soc. Bull. 12, 388–394.
Kercher, S. M., and Zedler, J. B. (2004). Flood tolerance in wetland angiosperms:
a comparison of invasive and noninvasive species. Aquat. Bot. 80, 89–102.
doi: 10.1016/j.aquabot.2004.08.003
Kettenring, K. M., and Adams, C. R. (2011). Lessons learned from invasive plant
control experiments: a systematic review and meta-analysis. J. Appl. Ecol. 48,
970–979. doi: 10.1111/j.1365-2664.2011.01979.x
Kettenring, K. M., de Blois, S., and Hauber, D. P. (2012). Moving from a regional
to a continental perspective of Phragmites australis invasion in North America.
AoB Plants 2012:pls040. doi: 10.1093/aobpla/pls040
Kettenring, K. M., and Galatowitsch, S. M. (2011a). Carex seedling emergence
in restored and natural prairie wetlands. Wetlands 31, 273–281. doi: 10.1007/
s13157-011-0160-0
Kettenring, K. M., and Galatowitsch, S. M. (2011b). Seed rain of restored and
natural prairie wetlands. Wetlands 31, 283–294. doi: 10.1007/s13157-0110159-6
Kettenring, K. M., McCormick, M. K., Baron, H. M., and Whigham, D. F.
(2011). Mechanisms of Phragmites australis invasion: feedbacks among genetic
diversity, nutrients, and sexual reproduction. J. Appl. Ecol. 48, 1305–1313.
doi: 10.1111/j.1365-2664.2011.02024.x
Kettenring, K. M., and Mock, K. E. (2012). Genetic diversity, reproductive mode,
and dispersal differ between the cryptic invader, Phragmites australis, and its
native conspecific. Biol. Invasions 14, 2489–2504. doi: 10.1007/s10530-0120246-5
Kettenring, K. M., Mock, K. E., Zaman, B., and McKee, M. (2016). Life on the edge:
reproductive mode and rate of invasive Phragmites australis patch expansion.
Biol. Invasions 18, 2475–2495. doi: 10.1007/s10530-016-1125-2
Kettenring, K. M., and Whigham, D. F. (2018). The role of propagule type,
resource availability, and seed source in Phragmites invasion in Chesapeake Bay
wetlands. Wetlands 38, 1259–1268. doi: 10.1007/s13157-018-1034-5
Kettenring, K. M., Whigham, D. F., Hazelton, E. L. G., Gallagher, S. K., and Baron,
H. M. (2015). Biotic resistance, disturbance, and mode of colonization impact
the invasion of a widespread, introduced wetland grass. Ecol. Appl. 25, 466–480.
doi: 10.1890/14-0434.1
Larson, D. L., Phillips-Mao, L., Quiram, G., Sharpe, L., Stark, R., Sugita, S.,
et al. (2011). A framework for sustainable invasive species management:
environmental, social, and economic objectives. J. Environ. Manage. 92, 14–22.
doi: 10.1016/j.jenvman.2010.08.025
Lathrop, R. G., Windham, L., and Montesano, P. (2003). Does Phragmites
expansion alter the structure and function of marsh landscapes? Patterns and
processes revisited. Estuaries 26, 423–435. doi: 10.1007/BF02823719
Leck, M. A. (2003). Seed-bank and vegetation development in a created tidal
freshwater wetland on the Delaware River, Trenton, New Jersey, USA. Wetlands
23, 310–343. doi: 10.1672/9-20
Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful transformations
for ordination of species data. Oecologia 129, 271–280. doi: 10.1007/
s004420100716
Legendre, P., and Legendre, L. F. (2012). Numerical Ecology, Vol. 24, 3rd Edn.
Amsterdam: Elsevier.
Long, A. L., Kettenring, K. M., Hawkins, C. P., and Neale, C. M. U. (2017a).
Distribution and drivers of a widespread, invasive wetland grass, Phragmites
australis, in wetlands of the Great Salt Lake, Utah, USA. Wetlands 37, 45–57.
doi: 10.1007/s13157-016-0838-4
Long, A. L., Kettenring, K. M., and Toth, R. (2017b). Prioritizing management
of the invasive grass common reed (Phragmites australis) in Great Salt
Lake wetlands. Invasive Plant Sci. Manage. 10, 155–165. doi: 10.1017/inp.
2017.20
Martin, L. J., and Blossey, B. (2013). The runaway weed: costs and failures of
Phragmites australis management in the USA. Estuar. Coast. 36, 626–632.
doi: 10.1007/s12237-013-9593-4

Frontiers in Plant Science | www.frontiersin.org

Mason, T. J., and French, K. (2007). Management regimes for a plant invader
differentially impact resident communities. Biol. Conserv. 136, 246–259.
doi: 10.1016/j.biocon.2006.11.023
Matthews, J. W., Molano-Flores, B., Ellis, J., Marcum, P. B., Handel, W., Zylka, J.,
et al. (2017). Impacts of management and antecedent site condition on
restoration outcomes in a sand prairie. Restor. Ecol. 25, 972–981. doi: 10.1111/
rec.12525
Matthews, J. W., Peralta, A. L., Flanagan, D. N., Baldwin, P. M., Soni, A., Kent,
A. D., et al. (2009). Relative influence of landscape vs. local factors on plant
community assembly in restored wetlands. Ecol. Appl. 19, 2108–2123. doi: 10.
1890/08-1836.1
Matthews, J. W., Tessene, P. A., Wiesbrook, S. M., and Zercher, B. W. (2005). Effect
of area and isolation on species richness and indices of Floristic Quality in
Illinois, USA wetlands. Wetlands 25, 607–615. doi: 10.1672/0277-5212(2005)
025[0607:EOAAIO]2.0.CO;2
McGeoch, M. A., Genovesi, P., Bellingham, P. J., Costello, M. J., McGrannachan, C.,
and Sheppard, A. (2016). Prioritizing species, pathways, and sites to achieve
conservation targets for biological invasion. Biol. Invasions 18, 299–314.
doi: 10.1007/s10530-015-1013-1
Menuz, D., Sempler, R., and Jones, J. (2016). Assessment of Wetland Condition
and Wetland Mapping Accuracy in Upper Blacks Fork and Smiths Fork, Uinta
Mountains, Utah. Salt Lake City, UT: Utah Geological Survey.
Menuz, D. R., and Kettenring, K. M. (2013). The importance of roads,
nutrients, and climate for invasive plant establishment in riparian areas in the
northwestern United States. Biol. Invasions 15, 1601–1612. doi: 10.1007/s10530012-0395-6
Minchinton, T. E., and Bertness, M. D. (2003). Disturbance-mediated competition
and the spread of Phragmites australis in a coastal marsh. Ecol. Appl. 13,
1400–1416. doi: 10.1890/02-5136
Monaco, T. A., Jones, A., Pendergast, M., Thacker, E. T., and Greenhalgh, L. (2018).
Influence of land-use legacies following shrub reduction and seeding of big
sagebrush sites. Rangel. Ecol. Manage. 71, 695–704. doi: 10.1016/j.rama.2018.
06.004
Moody, M. E., and Mack, R. N. (1988). Controlling the spread of plant invasions:
the importance of nascent foci. J. Appl. Ecol. 25, 1009–1021. doi: 10.2307/
2403762
Morrison, E. B., Lindell, C. A., Holl, K. D., and Zahawi, R. A. (2010). Patch size
effects on avian foraging behaviour: implications for tropical forest restoration
design. J. Appl. Ecol. 47, 130–138. doi: 10.1111/j.1365-2664.2009.01743.x
Morzaria-Luna, H. N., and Zedler, J. B. (2007). Does seed availability limit
plant establishment during salt marsh restoration? Estuar. Coast. 30, 12–25.
doi: 10.1007/BF02782963
Mozdzer, T. J., Hutto, C. J., Clarke, P. A., and Field, D. P. (2008). Efficacy of
imazapyr and glyphosate in the control of non-native Phragmites australis.
Restor. Ecol. 16, 221–224. doi: 10.1111/j.1526-100X.2008.00386.x
Mozdzer, T. J., Zieman, J. C., and McGlathery, K. J. (2010). Nitrogen uptake by
native and invasive temperate coastal macrophytes: importance of dissolved
organic nitrogen. Estuar. Coast. 33, 784–797. doi: 10.1007/s12237-009-9254-9
Myers, R. K., Heffernan, K. E., Clarke, P. A., and Field, D. P. (2009). Management
and Education to Control Phragmites on the Seaside of Virginia’s Eastern Shore.
Final Report for Year Six of the Seaside Heritage Program Submitted to USDC
National Oceanic and Atmospheric Administration. Richmond, VA: Virginia
Department of Conservation and Recreation, Division of Natural Heritage,
Richmond, VA. Natural Heritage Technical Report 09-05.
Nilsson, C., Brown, R. L., Jansson, R., and Merritt, D. M. (2010). The role
of hydrochory in structuring riparian and wetland vegetation. Biol. Rev. 85,
837–858. doi: 10.1111/j.1469-185X.2010.00129.x
Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R. B.,
et al. (2015). Vegan: Community Ecology Package. R Package Version 2. 2-1.
Available at: http://CRAN.R-project.org/package=vegan (accessed January 15,
2018).
Palmer, M. A. (2009). Reforming watershed restoration: Science in need of
application and applications in need of science. Estuar. Coast. 32, 1–17.
doi: 10.1007/s12237-008-9129-5
Palmer, M. A., Ambrose, R. F., and Poff, N. L. (1997). Ecological theory and
community restoration ecology. Restor. Ecol. 5, 291–300. doi: 10.1046/j.1526100X.1997.00543.x

16

April 2019 | Volume 10 | Article 481

Rohal et al.

Restoration Across Spatial Scales

Pauchard, A., and Shea, K. (2006). Integrating the study of non-native plant
invasions across spatial scales. Biol. Invasions 8, 399–413. doi: 10.1007/s10530005-6419-8
Pearson, D. E., Ortega, Y. K., Runyon, J. B., and Butler, J. L. (2016). Secondary
invasion: the bane of weed management. Biol. Conserv. 197, 8–17. doi: 10.1016/
j.biocon.2016.02.029
Peres-Neto, P. R., Legendre, P., Dray, S., and Borcard, D. (2006). Variation
partitioning of species data matrices: estimation and comparison of fractions.
Ecology 87, 2614–2625. doi: 10.1890/0012-9658(2006)87[2614:VPOSDM]2.
0.CO;2
Phillips, D. L., and Shure, D. J. (1990). Patch-size effects on early succession in
Southern Appalachian forests. Ecology 71, 204–212. doi: 10.2307/1940260
Prach, K., and Hobbs, R. J. (2008). Spontaneous succession versus technical
reclamation in the restoration of disturbed sites. Restor. Ecol. 16, 363–366.
doi: 10.1111/j.1526-100X.2008.00412.x
Prior, K. M., Adams, D. C., Klepzig, K. D., and Hulcr, J. (2017). When does invasive
species removal lead to ecological recovery? Implications for management
success. Biol. Invasions 20, 1–17.
Quirion, B., Simek, Z., Dávalos, A., and Blossey, B. (2018). Management of invasive
Phragmites australis in the Adirondacks: a cautionary tale about prospects of
eradication. Biol. Invasions 20, 59–73. doi: 10.1007/s10530-017-1513-2
R Development Core Team (2013). R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.
Reddy, K. R., and DeLaune, R. D. (2008). Biogeochemistry of Wetlands: Science and
Applications. Boca Raton, FL: CRC press. doi: 10.1201/9780203491454
Reid, A. M., Morin, L., Downey, P. O., French, K., and Virtue, J. G. (2009). Does
invasive plant management aid the restoration of natural ecosystems? Biol.
Conserv. 142, 2342–2349. doi: 10.1016/j.biocon.2009.05.011
Reinecke, M. K., Pigot, A. L., and King, J. M. (2008). Spontaneous succession of
riparian fynbos: Is unassisted recovery a viable restoration strategy? S. Afr. J.
Bot. 74, 412–420. doi: 10.1016/j.sajb.2008.01.171
Rhoades, J. D. (1982). “Soluble salts,” in Methods of Soil Analysis: Part 2. Agronomy
9, 2nd Edn, eds A. L. Page, R. H. Miller, and D. R. Keeney (Madison, WI:
American Society of Agronomy and Soil Science Society of America), 167–180.
Ricketts, T. H. (2001). The matrix matters: effective isolation in fragmented
landscapes. Am. Nat. 158, 87–99. doi: 10.1086/320863
Rinella, M. J., and James, J. J. (2010). Invasive plant researchers should calculate
effect sizes, not P-values. Invasive Plant Sci. Manage. 3, 106–112. doi: 10.1614/
IPSM-09-038.1
Rohal, C. B. (2018). Invasive Phragmites australis Management in Great Salt Lake
wetlands: Context Dependency and Scale Effects on Vegetation and Seed Banks.
Ph.D. thesis, Utah State University, Logan, UT.
Rohal, C. B., Hambrecht, K., Cranney, C., and Kettenring, K. M. (2017). “How to
restore phragmites-invaded wetlands,” in Utah Agricultural Experiment Station
Research Report, Vol. 224 (Logan, UT: Utah State University), 2. Available at:
https://digitalcommons.usu.edu/uaes_pubs/2/ (accessed August 4, 2019).
Rohal, C. B., Kettenring, K. M., Sims, K., Hazelton, E. L. G., and Ma, Z.
(2018). Surveying managers to inform a regionally relevant invasive Phragmites
australis control research program. J. Environ. Manage. 206, 807–816.
doi: 10.1016/j.jenvman.2017.10.049
Rooth, J. E., Stevenson, J. C., and Cornwell, J. C. (2003). Increased sediment
accretion rates following invasion by Phragmites australis: the role of litter.
Estuaries 26, 475–483. doi: 10.1007/BF02823724
Saltonstall, K. (2003). Microsatellite variation within and among North American
lineages of Phragmites australis. Mol. Ecol. 12, 1689–1702. doi: 10.1046/j.1365294X.2003.01849.x
Simberloff, D. (2009). The role of propagule pressure in biological invasions. Annu.
Rev. Ecol. Evol. Syst. 40, 415–436. doi: 10.1146/annurev.ecolsys.110308.120304
Smith, L. M., and Kadlec, J. A. (1983). Seed banks and their role during drawdown
of a North American marsh. J. Appl. Ecol. 20, 673–684. doi: 10.2307/2403534

Frontiers in Plant Science | www.frontiersin.org

Soomers, H., Karssenberg, D., Soons, M. B., Verweij, P. A., Verhoeven, J. T. A.,
and Wassen, M. J. (2013). Wind and water dispersal of wetland plants across
fragmented landscapes. Ecosystems 16, 434–451. doi: 10.1007/s10021-0129619-y
Suding, K. N. (2011). Toward an era of restoration in ecology: successes, failures,
and opportunities ahead. Annu. Rev. Ecol. Evol. Syst. 42, 465–487. doi: 10.1146/
annurev-ecolsys-102710-145115
Taylor, C. M., and Hastings, A. (2004). Finding optimal control strategies for
invasive species: a density-structured model for Spartina alterniflora. J. Appl.
Ecol. 41, 1049–1057. doi: 10.1111/j.0021-8901.2004.00979.x
Tousignant, M. Ê, Pellerin, S., and Brisson, J. (2010). The relative impact of
human disturbances on the vegetation of a large wetland complex. Wetlands
30, 333–344. doi: 10.1007/s13157-010-0019-9
Tsai, J. S., Venne, L. S., Mcmurry, S. T., and Smith, L. M. (2012). Local and
landscape influences on plant communities in playa wetlands. J. Appl. Ecol. 49,
174–181. doi: 10.1111/j.1365-2664.2011.02063.x
Tu, M., Hurd, C., Randall, J. M., and The Nature Conservancy (2001). Weed
Control Methods Handbook: Tools and Techniques for use in Natural Areas.
All U.S. Government Documents (Utah Regional Depository). Report no 533.
Available at: http://digitalcommons.usu.edu/govdocs/533 (accessed March 17,
2018).
USDA, NRCS (2019). The PLANTS Database. Available at: http://plants.usda.gov
(accessed March 13, 2019).
Van Geest, G. J., Coops, H., Roijackers, R. M. M., Buijse, A. D., and Scheffer, M.
(2005). Succession of aquatic vegetation driven by reduced water-level
fluctuations in floodplain lakes. J. Appl. Ecol. 42, 251–260. doi: 10.1111/j.13652664.2005.00995.x
Venables, W. N., and Ripley, B. D. (2002). Modern Applied Statistics
with S, 4th Edn. New York, NY: Springer. doi: 10.1007/978-0-38721706-2
Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor package.
J. Stat. Softw. 36, 1–48. doi: 10.18637/jss.v036.i03
Warren, R. S., Fell, P. E., Grimsby, J. L., Buck, E. L., Rilling, G. C., and Fertik,
R. A. (2001). Rates, patterns, and impacts of Phragmites australis expansion and
effects of experimental Phragmites control on vegetation, macroinvertebrates,
and fish within tidelands of the Lower Connecticut River. Estuaries 24, 90–107.
doi: 10.2307/1352816
Welsh, S. L., Atwood, N. D., Higgins, L. C., and Goodrich, S. (1993). A Utah Flora,
2 Edn. Provo, Ut: Brigham Young University Press.
Zedler, J. B. (2000). Progress in wetland restoration ecology.
Trends Ecol. Evol. 15, 402–407. doi: 10.1016/S0169-5347(00)
01959-5
Zedler, J. B., and Kercher, S. (2004). Causes and consequences of invasive plants
in wetlands: opportunities, opportunists, and outcomes. Crit. Rev. Plant Sci. 23,
431–452. doi: 10.1080/07352680490514673
Zobel, M., Otsus, M., Liira, J., Moora, M., and Mols, T. (2000). Is smallscale species richness limited by seed availability or microsite availability?
Ecology 81, 3274–3282. doi: 10.1890/0012-9658(2000)081[3274:ISSSRL]2.
0.CO;2
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Rohal, Cranney and Kettenring. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

17

April 2019 | Volume 10 | Article 481

